Abstract A method using an image processing technique was developed to measure the moisture profile in pasta during its rehydration process. The method is based on the increase in sample color brightness with increasing moisture content. Compared to currently used methods, this method has the advantage that moisture contents around 0.1 kg-H 2 O/kg-d.m. can be easily measured at a spatial resolution of 1.6 μm. The moisture profiles obtained by this method suggested that penetration of water into small holes and cracks on the pasta surface, water diffusion in the pasta, and structural relaxation of the protein matrix play important roles in the rehydration mechanism. It was also suggested that starch granule gelatinization prevented water migration into the interior portion of the pasta.
Introduction
Drying is an effective method for extending the shelf life of food during storage. The primary objective of food drying is to decrease the moisture content of the food to a level at which microbial spoilage is minimized. Dried products are usually rehydrated prior to their use or consumption. While the rehydration process aims to restore the properties of the raw materials, it can affect food quality. Therefore, the rehydration process governs the quality and properties of the food materials to be consumed; thus, it is important to fully understand the phenomena occurring during the rehydration of dried food.
Many papers have focused on the rehydration of dried food, such as apple (Atarés et al. 2009 ), orange (Diaz et al. 2003) , date palm fruit (Falade and Abbo 2007) , shiitake mushrooms (García-Segovia et al. 2011) , candied mango (Giraldo et al. 2006) , mango (Maldonado et al. 2010) , carrot (Nayak et al. 2006; Saguy et al. 2005a) , and water chestnut (Singh et al. 2008) . The rehydration process is typically analyzed based on Fick's second law of diffusion. The process of air drying Morchella esculenta mushrooms (García-Pascual et al. 2006) , broccoli stem (Sanjuán et al. 1999) , and chickpeas (Yildirim et al. 2011 ) was investigated and could be well expressed by the law at different temperatures. Moreover, the rehydration process of fresh penne pasta at 20-80°C was reported to be characterized by two effective diffusion coefficients using the law (Cunningham et al. 2007 ). However, a recent study showed that the actual process of moisture migration is not diffusion-controlled, proposing instead several other mechanisms, such as water imbibition, capillarity, and flow in porous media (Lee et al. 2006; Saguy et al. 2005b) . Although many models have been proposed to describe water migration in dried food during rehydration, the key mechanism controlling migration remains unclear.
The average moisture content of an entire sample is usually measured in order to validate a proposed model, although the moisture profile is numerically solved (Temmerman et al. 2007) . One reason for taking such a measurement is the absence of an adequate method to obtain a precise moisture profile of the sample and to verify the numerical results. The absence of an adequate method makes it difficult to discern or interpret the mechanism controlling water migration during rehydration. Rehydration curves, which express changes in the average moisture content over time and are obtained by numerically solving the various models based on Fick's second law of diffusion, are of the hyperbolic type and satisfactorily fit the experimental data (Cunningham et al. 2007; Del Nobile et al. 2003; García-Pascual et al. 2006; Sanjuán et al. 1999; Yildirim et al. 2011) . However, such results are insufficient to judge the appropriateness of the models, and the actual measurement of a precise moisture profile is unavailable for verification.
Nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI) are powerful techniques to measure the moisture profile of foods. The moisture profiles of rice grains during cooking (Horigane et al. 2006) , noodles during dehydration or rehydration (Sekiyama et al. 2012; Hills et al. 1996; Hills et al. 1997; Irie et al. 2004) , and cheese during brining (Altan et al. 2011) were measured using these techniques. Although these techniques can provide information regarding moisture profiles, the accuracy of the measurement is insufficient to verify the numerically calculated profile due to the following four limitations: The minimum moisture content measureable by the techniques is high. For example, a moisture content less than 0.67 kg H 2 O/kg dm cannot be measured for pasta due to fast water proton relaxation (Irie et al. 2004) , although the pasta is rehydrated from a moisture content of approximately 0.11 kg H 2 O/kg dm. Another limitation is low spatial resolution. During MRI measurement, the moisture content is evaluated every 65 μm at best (Horigane et al. 2006) . That is, only about 12 points of data can be obtained for pasta having a radius of 0.8 mm. Additionally, the measurement is time consuming. The MRI technique takes a few minutes to obtain a moisture profile of a sample; however, the moisture profile of a sample, such as pasta, changes within a few minutes. Finally, the cost of equipment, such as NMR and MRI, is high. Therefore, the development of a method without these limitations would aid in elucidating the mechanism controlling water migration in dried foods.
Dried pasta is yellowish or yellowish brown and becomes lighter as the moisture content increases. We focused on the color change of pasta during rehydration in developing a new method, using a digital camera, to precisely measure the moisture content (0.1 kg H 2 O/kg dm or higher) of pasta. Notably, the sample must be cut in order to measure the cross-sectional moisture profile. A digital camera can acquire the color distribution of a sample, and currently available cameras have high pixels, which provides highresolution images. The moisture profile measured by our method would enable us to elucidate the phenomena in the rehydration process. Moreover, development of this method is the first step in understanding the mechanism controlling water migration during food rehydration.
Materials and Methods

Materials
Two kinds of dried pasta were used. One was cylindrical pasta (spaghettini) supplied by Nisshin Foods, Inc. (Tokyo, Japan) and another was slab pasta (lasagna; De Cecco, Fara San Martino, Italy) purchased from a local supermarket.
The spaghettini was made from durum semolina. The sample was prepared under the following conditions: the drying temperature was increased from 50 to 85°C during the first 60 min, maintained at 85°C for 300 min, and decreased to 30°C during the last 30 min. After the drying process, the cylindrical sample had an initial diameter of 1.60 mm and an initial moisture content of 0.11 kg H 2 O/kg dm. The carbohydrate, protein, and fat contents were 72, 13, and 2 % (w/w), respectively.
The lasagna was also made from durum semolina. The sample had an initial thickness of 1.04 mm and an initial moisture content of 0.10 kg H 2 O/kg dm.
Rehydration of Pasta
Culture tubes containing approximately 50 mL of distilled water were equilibrated at 100°C in a temperaturecontrolled water bath (Thermominder SD; Taitec, Saitama, Japan). The spaghettini and lasagna were cut into 9-cm lengths, of approximately 0.27 g, and 6.5-cm lengths×2-cm depths, of approximately 1.90 g, respectively, and rehydrated by immersion in the culture tube. The sample was removed from the tube at the specified time, as shown later, and immediately carefully blotted with Kimtowels and Kimwipes (Nippon Paper Crecia, Tokyo, Japan) to remove excess water. One sample was used for each rehydration time.
Apparent Density
After rehydration, the sample was wrapped in polyethylene sealing film to prevent moisture loss and then placed in the temperature-controlled oven at 70°C for 3 days in order to equalize the moisture distribution in the sample. Next, sample volume, V, was measured by a displacement technique using a pycnometer (25 mL; Sogorikagaku Glass Works, Kyoto, Japan) containing dodecane (density=749 kg/m 3 ), with the assumption that dodecane penetration into the sample can be ignored. The apparent density of the rehydrated pasta, ρ, was calculated using Eq. (1).
where w 0 is the sample weight after 3 days at 70°C, measured by an AUW320 electronic balance (Shimadzu, Kyoto, Japan) prior to volume measurement. Each experiment was performed in duplicate.
Proposed Method
As mentioned above, the method proposed in this study is based on the increase in sample color brightness with increasing moisture content. To obtain the moisture profile, a cross-sectional image of the sample is taken. The method consists of the five following steps: The first step is the preparation of two sets of rehydrated pasta samples: one is used to measure the moisture profile and the other is used for making a calibration curve. The samples used for measuring the moisture profile and for making a calibration curve were rehydrated for 1, 10.2, 14.7, and 20 min and for 1, 3, 6, 9, 12, 15, 21, 25 , and 30 min, respectively, under the same conditions. Then, only the samples for making a calibration curve were wrapped in polyethylene sealing film to prevent moisture loss and placed in a temperature-controlled oven at 70°C for 3 days to equalize the moisture distribution in the samples. Both sets of samples were subjected to steps 2 and 3.
In step 2, cross-sectional images were taken using a digital camera (Fig. 1 ). The rehydrated sample was cut crosswise using a sharp stainless steel blade and covered with a light shield, the diameter or the thickness of which was the same as that of the sample. Both the light shield and the inner surface of an illumination box had an emissivity of 0.94. The cross section of the laterally shielded sample was illuminated by two cold light illuminators (PICL-NSX; NPI, Tokyo, Japan) from both sides of the sample and photographed using a high-resolution digital camera (EOS-40D; Canon, Tokyo, Japan) with a 65-mm lens (MP-E 65 mm; Canon) in JPEG format. One image was taken for each sample. The image had 3,888×2,592 pixels, indicating that the spatial resolution of the proposed method was about 1.6 μm/pixel, which was about 40 times higher in the spatial resolution than those of MRI methods (Sekiyama et al. 2012; Horigane et al. 2006; Irie et al. 2004) . Then, the area without the cross section of sample in the image was manually eliminated using Photoshop CS4 extended (Adobe Systems Inc., San Jose, CA, USA).
The third step involved digital image processing using two software packages: Mathematica 7 (Wolfram Research, Champaign, IL, USA) and Origin 8.1J (OriginLab, Northampton, MA, USA). The original 24-bit RGB color image, obtained in step 2, was pixelated into red, green, and blue images. Although the red, green, and blue images had the same quality and could be equally used in principle, the blue image was used in this paper as an example. The image was converted into an 8-bit gray-scale format using the Origin 8.1J. In order to visually clarify the gray level of the image, the original gray-level G 0 of each pixel was converted to the level G γ through a gamma correction (Takagi and Shimoda 2004) using Eq. (2), and G γ was further converted to the level G c through a contrast correction (Takagi and Shimoda 2004) using Eq. (3).
In step 4, the calibration curve was prepared, which correlates the corrected gray level G c with the moisture content X, determined by drying each sample at 135°C for 5 h in a convection drying oven (DO-300FA; As One, Osaka, Japan) immediately after the image acquisition in step 2. Moisture content was determined using the following equation:
where w 0 and w 1 are the sample weights before and after drying, respectively. In the final step, the corrected gray level G c of each pixel in the sample image was converted to the moisture content using the calibration curve, in order to obtain the moisture profile of the rehydrated pasta.
The measurements were conducted in at least duplicate for every sample rehydrated for different times. The reliability of the moisture profiles was examined as shown in the following section. The accuracy of the calibration curves was expressed by standard deviation for each point. The root mean square error (RMSE) (Eq. (5)) was used to evaluate the accuracy of the proposed method.
where X cal and X obs are the average moisture content of a sample calculated by Eq. (6) from the moisture profile and the experimentally observed one (Eq. (4)), respectively, and N is the number of experimental values.
where ρ(X) is the apparent density at the moisture content X. The dependence of X on ρ(X) is empirically represented by Eq. (7).
where A, B, and C are constants.
Results and Discussion
Gray-Level Profile Figure 2 shows images of the cross sections of spaghettini and lasagna rehydrated for 10.2 and 14.7 min, respectively, at which points the pastas were optimally cooked to the state termed al dente. Images (a) and (b) in Fig. 2 are the original and processed ones, respectively. The color of the circumferential (A) and rectangular (B) regions in which the water penetrated was brightened and whitened in images (a) and (b) in Fig. 2 , respectively. A gray-level profiles in the radial direction (A-b) and the thickness one (B-b) of the cross-sectional images of Fig. 2 were converted to the moisture profiles using the calibration curves (see below) and are represented by the thin line in Fig. 3 (shown only for spaghettini) . The inset in Fig. 3 is the extended profile in the x-axis range of 0.325 to 0.365. Although the thin line appears to have a jagged pattern, there are obviously convex or concave patterns, as shown by the circles in the extended profile. Each circle corresponds to a pixel. Therefore, the jagged thin line was not ascribed to measurement noise, but to the high spatial resolution of the proposed method.
Starch gelatinization does not occur uniformly (Nagao et al. 2006) . Large starch granules usually gelatinize faster, and gelatinization begins in an amorphous region of the starch granule. The pitch of the convex or concave pattern was about 20 μm, which was in the same order as the 2-to 40-μm size of a starch granule (Nagao et al. 2006 ). Therefore, the jagged patterns expressed by the thin line in Fig. 3 can be ascribed to the nonuniformity of the starch gelatinization. The spatial resolution of 1.6 μm in the proposed method allows for the estimation of nonhomogeneous rehydration behavior in pasta.
Calibration Curve
The insets in Fig. 4 show cross-sectional images of the spaghettini with different, but homogeneous moisture contents. As the moisture content increased, the color of the image changed from black to white. The calibration curve, which correlates the gray level G c (0≤G c ≤255) to the moisture content X, is shown in Fig. 4 and can be expressed by the quadratic function Eq. (8).
where a, b, and c are constants. The G c values were obtained by averaging the gay levels of all pixels in the cross-sectional image. The gray levels of 0 and 255 represent black and white, respectively. The constants a, b, and c were determined to best-fit the observed moisture contents to the calculated ones using the Solver of Microsoft Office Excel® 2010 and were 4.54×10 , and −6.17×10 −2 for lasagna, respectively. The correlation coefficient (R 2 ) was 0.978 at minimum, indicating the accuracy of Eq. (8) and the validity of the proposed method.
Moisture contents lower than 0.67 kg H 2 O/kg dm cannot be measured by the currently used MRI method due to fast water proton relaxation (Irie et al. 2004 ). The calibration curve showed a clear one-to-one relationship in the moisture content range of 0.10 to 2.85 kg H 2 O/kg dm. Therefore, the proposed method can satisfactorily obtain moisture profiles for samples with low moisture content.
Moisture Profile
The thick line in Fig. 3 shows the gray-level profile, which was obtained by dividing the image into ten segments shown by broken lines in Fig. 2 A-b, B-b and by averaging the gray levels at the same distance from the center of the segments.
The profile expressed by the thin line indicates, in detail, the rehydration behavior. On the other hand, the thick line shows the averaged moisture profile in the sample. Figure 5A , B shows the averaged moisture profiles of spaghettini rehydrated for 0, 1, 10.2, and 20 min and lasagna rehydrated for 0, 1, 14.7, and 20 min, respectively. The profile at 0 min represents the dried pasta. The moisture profile in the al dente pasta, which was rehydrated for 10.2 and 14.7 min for spaghettini and lasagna, respectively, was measured by the proposed method for the first time, as our method was able to measure a lower moisture content than the currently used method.
The spaghettini and lasagna have different characteristics, such as compositions, shape, drying condition, microstructure, initial moisture content, and degree of gelatinization. However, the moisture profiles during their rehydration were similar in shape. This fact indicates that the phenomena controlling water migration during rehydration are the same even if some characteristics of pasta are different.
During the first 1 min, swelling occurred in an approx. 0.2-mm region near the surface, and the moisture content remained at the same level as that of the dried pasta in the inner region. The profiles at 0 and 1 min indicated that water quickly penetrated only near the surface. Based on SEM measurements, many small holes and cracks were reported on the surface of the pasta (Cunina et al. 1995; Dexter et al. 1978) . Water entered the pasta through these small surface holes and cracks. The fact that the region near the surface had a flat moisture profile, and that there was no gradient in the profile, suggested that water imbibition during the early stage was not attributable to water diffusion, but water filling of the holes and cracks.
The extent of gelatinization was assessed by observing the birefringence in the starch/water system during heat treatment, revealing that gelatinization was complete within 1 min (Watanabe 2004) . This indicated that starch gelatinization is a fast process. However, the moisture content on the surface gradually increased with time (Fig. 5) . Our previous study (Ogawa and Adachi 2013; Ogawa et al. 2011) showed that the average moisture content of pasta increased up to about 9 kg H 2 O/kg dm. This indicated that the gelatinization of starch granules in the sample, even with 20-min rehydration, did not reach equilibrium, and that swelling of the granules was restricted. In previous studies, while dried pasta showed a homogeneous internal structure, such that the starch granules were deeply embedded in a protein matrix, the structure below the surface appeared to be a honeycomb-like structure after a 4-min rehydration (Cunina et al. 1995; Dexter et al. 1978 ). The protein matrix, which had shrunk during drying, appeared to relax in structure during rehydration, and the starch granules gradually swelled due to gelatinization. Therefore, the structural relaxation process of the protein matrix appears to play an important role in alterations in the moisture content of samples during rehydration.
The moisture profiles observed for the samples rehydrated for 10.2 or 14.7 and 20 min showed two features. One was the flat moisture profile near the surface, and the other was the parabolic distribution of the moisture content in the inner region. The latter feature suggested that the water migration in the region was diffusion controlled, while the former feature suggested that the diffusion of water was not the rate-limiting step for rehydration near the surface. As mentioned above, the moisture content near the surface of the sample rehydrated for 20 min was much lower than the equilibrium content, and the starch granules in the sample had the potential to absorb more water. Therefore, most of the water supplied from the bulk phase would be sorbed by the starch granules that increased the moisture content near the surface. In the inner region, diffusion of water occurred according to the gradient in the moisture content, and the profile gradually shifted to the higher level. However, the consumption of water by starch granule sorption near the surface restricted the penetration of water into the inner region. The water sorption near the surface expanded the region with the flat moisture profile, as can be seen from the profiles at 10.2 or 14.7 and 20 min.
Accuracy of Measurement
The constants A, B, and C in Eq. (7) were 1.12, 0.415, and −0.785 for the spaghettini, respectively, and 1.08, 0.500, and −1.455 for the lasagna, respectively. The correlation coefficient (R 2 ) was 0.985 at minimum, indicating the accuracy of Eq. (7) as shown in Fig. 6 . The X cal and X obs values for the spaghettini rehydrated for 0, 1, 10.2, and 20 min and for the lasagna rehydrated for 0, 1, 14.7, and 20 min are plotted in Fig. 7 . The RMSE was 0.149 and 0.175 for spaghettini and lasagna, respectively, indicating the high accuracy of the proposed method for moisture content determinations in pasta. Fig. 6 Dependence of apparent density on average moisture content in spaghettini (-○-) and lasagna (--•--). Bars indicate standard deviation Fig. 7 Correlation between the experimentally observed average moisture content, X obs , and the moisture content calculated from the moisture profile, X cal , in spaghettini rehydrated for 0 min (white up-pointing triangle), 1 min (white circle), 10.2 min (white diamond), and 20 min (white square) and lasagna rehydrated for 0 min (black up-pointing triangle), 1 min (black circle), 14.7 min (black down-pointing triangle), and 20 min (black square). Bars indicating the standard deviation are behind the symbols
Conclusions
When pasta is rehydrated, its color brightness is altered. Based on this fact, a method was developed to measure the moisture profile in pasta using a digital camera and an image processing technique. The method allowed for the precise quantification of a moisture content of 0.1 kg H 2 O/kg dm, with a spatial resolution of 1.6 μm. The high-resolution profile revealed that starch granules were non-uniformly gelatinized during rehydration. The average moisture content, calculated from the moisture profile, was well correlated with that experimentally observed. The good correlation demonstrated the accuracy of the proposed method. The changes in the profile over time suggested that small holes and cracks near the pasta surface were quickly filled with water, and that the region near the surface gradually expanded due to structural relaxation of the protein matrix. It was also suggested that water migration occurred via diffusion in the inner region, and that gelatinization of the starch granules restricted the water diffusion. Moreover, it was shown that the phenomena controlling water migration during rehydration are common for spaghettini and lasagna, which are different in some characteristics.
